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Neutrino masses are clear evidence for physics beyond the standard model and much more re-
mains to be understood about the neutrino sector. We highlight some of the outstanding questions
and research opportunities in neutrino theory. We show that most of these questions are directly
connected to the very rich experimental program currently being pursued (or at least under serious
consideration) in the United States and worldwide. Finally, we also comment on the state of the
theoretical neutrino physics community in the U.S.
I. INTRODUCTION
No area of fundamental particle physics research
changed more dramatically or rapidly over the past
two decades than neutrino physics.1 It was demon-
strated, in a spectacular and conclusive fashion, that
the long-standing solar and atmospheric neutrino “prob-
lems” were in fact caused by neutrino flavor oscillations.
Moreover, the mass splittings and the three-flavor mixing
parameters have been since established with impressive
accuracy and the subject has entered a high-precision
era.
These discoveries, in turn, opened the door to a rich,
exciting, and promising research program aimed at eluci-
dating the origin of neutrino masses, exploring the flavor
structure of the lepton sector, pursuing new sources of
CP-invariance violation, looking for new particles and
interactions, and testing fundamental physics principles.
Nonzero neutrino masses also modify, sometimes dra-
matically, the role of neutrinos in cosmology and astro-
physics.
Experimentally, the path forward is well defined: a di-
verse neutrino program is required in order to explore
the new physics revealed in the neutrino sector. It in-
cludes, necessarily, very intense neutrino beams, very
large (tens of kilotons and above), finely instrumented
detectors with different detection media (water, argon,
hydrocarbons, etc), very large, ultra clean detectors to
search for neutrinoless double-beta decay, novel detec-
tors for precision measurements of beta-decay, etc. In
the next decades, a deluge of neutrino-related data is ex-
pected. Neutrino theorists and phenomenologists will be
in the enviable position of exploiting these unique probes
of fundamental physics, interpreting the data, building
models to accommodate new phenomena and connecting
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the new discoveries in neutrino physics to other areas of
particle physics, astrophysics, and cosmology.
In the next section, we briefly discuss a sample subset
of the many outstanding opportunities in ‘neutrino the-
ory,’ most of which are either directly or indirectly related
to, or facilitated by, the discovery of nonzero neutrino
masses and ongoing efforts to perform precision measure-
ments of the neutrino sector. The breadth of topics is
noteworthy, ranging from collider physics to cosmology
and astrophysics, from nuclear physics to grand unifi-
cation. Most of the activities are synergistic with the
current and future neutrino experimental programs, and
many require specialized technical and theoretical skills
that are not encountered in abundance within the theo-
retical particle physics community in the United States.
We comment on this last point more concretely in the
last section.
II. NEUTRINO THEORY: SELECT
OUTSTANDING QUESTIONS AND
OPPORTUNITIES
In order to illustrate the richness and diversity of sci-
entific endeavors in neutrino physics and to highlight the
close connection to the planned experimental program,
we briefly discuss a sample of select physics topics.
A. Understanding the Origin of Neutrino Masses –
Model Building and Phenomenology
Neutrino masses represent one of the very few exper-
imental clues regarding the physics that lies beyond the
standard model. Given the standard model gauge sym-
metries and particle content, new degrees of freedom are
necessarily required, and the symmetry structure of the
Lagrangian must be modified qualitatively. The dynam-
ics behind neutrino masses is currently unknown. The
number of options is large and incredibly diverse, and
so are the many distinct, potentially observable, signa-
tures associated with the different options. As an ex-
ample, neutrino masses may be a consequence of physics
that violates lepton number, either explicitly or spon-
taneously. The current data allow virtually any value
for the lepton-number breaking scale, from a few eV to
1015 GeV – twenty-four orders of magnitude.
Extensive theory effort is required in order to iden-
tify the different models that lead to non-zero neutrino
masses and to work out the relevant phenomenology,
both within and outside of neutrino physics. The mech-
anism behind neutrino masses, it is well-known, can
manifest itself in a variety of different observables in-
cluding lepton-number violating processes like neutri-
noless double-beta decay, forbidden meson decays (e.g.
K+ → pi−µ+µ+), and high energy collisions (e.g., pp →
jets e+µ+ and no missing energy), lepton-flavor num-
ber violating processes like µ → e-conversion in nuclei,
τ → µµµ, and KL → eµ. A sufficiently low scale of
neutrino mass generation may result in measurable “non-
standard” neutrino interactions, which may reveal them-
selves in a variety of experimental setups, from neutrino
oscillations to LHC collisions, as described below. Addi-
tionally, the mechanism responsible for neutrino masses
often predicts additional, “sterile” neutrino states, which
could be revealed in precision oscillation experiments.
More broadly, the mechanism behind neutrino masses
may also be related to other fundamental problems in
particle physics, including the nature and origin of the
dark matter, the dynamics responsible for the matter–
antimatter asymmetry of the universe, electroweak sym-
metry breaking, and grand unification. Theory work is
required in order to identify potential connections and ex-
plore all corroborating phenomenological consequences.
Well-known examples include the possibility that nonzero
Majorana neutrino masses are a consequence of a more
complicated Higgs sector (e.g., the so-caled Type-II see-
saw), the hypothesis that the dark matter is related to
right-handed neutrinos (which can be probed, for exam-
ple, by looking for cosmic X-rays from dark matter de-
cays), and baryogenesis via leptogenesis, a natural con-
sequence of the so-called Type-I seesaw mechanism, as
long as the lepton-number breaking scale is high enough.
Phenomenologically, leptogenesis in particular provides a
most interesting challenge: under what conditions can it
be falsified (or “confirmed”)?
B. Flavor Models, CP Violation in the Lepton
Sector
In the quark sector, the pattern of masses and mixing
parameters seems to hint at the existence of some yet-to-
be-uncovered organizing principle. Such an organizing
principle remains unknown, in spite of half of century
of theoretical work. The discovery of nonzero neutrino
masses and lepton mixing added new pieces to the flavor
puzzle. In particular, the leptonic mixing matrix appears
to be providing qualitatively different information. Un-
like the quark mixing matrix, it cannot be understood
as an identity matrix perturbed by small, hierarchical,
off-diagonal elements.
Precision neutrino oscillation experiments provide a
unique opportunity to test different ideas in flavor
physics. Next-generation data will rule out a large subset
of the parameter space of flavor models, and will guide
the next-generation of flavor physics. On the flip side,
flavor models are necessary in order to provide guidance
regarding precision milestones for neutrino oscillation ex-
periments. A concrete recent example: the discovery of a
“large” value for θ13 “ruled out” many flavor paradigms,
and triggered interest in the precise value of θ23, espe-
cially when it comes to its deviation from maximal. Iden-
tifying whether θ23 deviates from maximal “at the θ13
level” is also a very stringent test of several classes of fla-
vor models. In addition, flavor physics allows one to re-
late, with the help of “more” new physics, different types
of observables, including measurements of oscillation pa-
rameters, the rates of different charged-lepton flavor vio-
lating processes, and the masses and mixing patterns of
new particles that may manifest themselves at the LHC
or future high-energy collider enterprises.
Developments in neutrino physics provide another
unique opportunity for theoretical physics: a new CP-
violating sector. With nonzero neutrino masses, the ν
Standard Model Lagrangian – whatever it is – accommo-
dates, if the neutrinos are Dirac (Majorana) fermions,
at least three (four) CP-violating parameters. They all
appear to be unrelated, and only two are known. The
CKM phase δ is around pi/2 (hence quite large), while
the strong CP “phase” is either zero or less than 10−9
(hence tiny). The study of CP-invariance violating phe-
nomena in the lepton sector, which is possible in precise
long-baseline neutrino oscillation experiments,2 will open
a new window on CP-violation and may shed light on its
potential origin.
C. Non-standard Interactions, Neutrino Decays,
Neutrino Electromagnetic Properties
As mentioned earlier, the existence of neutrino masses
point towards new physics beyond the Standard Model,
and perhaps one or more new mass scales. The values
of such new scales are presently unknown. It is of great
importance to understand whether there are other ob-
servable effects associated to these scales.
A general strategy is to search for other operators that
could be generated at the new scale(s). Such operators
are expected on very general grounds, but whether their
effects are observable depends on how large is the new
2 More CP-violating parameters can be studied via neutrino os-
cillations if there are more neutrino states (sterile neutrinos). If
neutrinos are Majorana fermions, the so-called Majorana phases
are also physical but very hard to study experimentally, as they
usually manifest themselves only in observables that violate lep-
ton number.
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energy scale. Their effects range from unobservably tiny,
if the corresponding new physics scale is very high, say,
1014 GeV, to within experimental reach, if the new scale
is near a TeV or below. Given all presently available data,
the latter possibility is perfectly allowed. The potentially
revolutionary impact the discovery of new neutrino in-
teractions renders the exploration of this possibility is
mandatory.
Potentially observable effects include, in addition to
some the processes mentioned in Sec. IIA, new “four-
fermion” neutrino interactions with quarks and leptons
(NSI), or electromagnetic interactions of the neutrino.
NSI modify neutrino oscillation probabilities in matter
via their contributions to the so-called matter poten-
tial, and potentially affect the production and detection
processes. NSI may also manifest themselves in non-
oscillation experiments, including the high energy col-
liders (in, for example, the monojet searches).
There are many issues associated with NSI still to
be understood, and many possible approaches to doing
so. One approach is to start from the model building
side and try to understand all possible implications of a
given model, as discussed above. Another possibility is
to adopt the phenomenological approach where the ef-
fects of new interactions are parametrized by a general
set of free parameters that can be constrained by data.
In the model building context it is important to correlate
predictions for neutrino oscillation parameters with the
implications of the model in other directions like charged
lepton measurements, and astrophysical or cosmological
observations.
When adopting the phenomenological approach, one
way to identify NSI is to look for inconsistencies of the
three-flavor paradigm once one compares data from dif-
ferent experiments. This requires the ability to carefully
and consistently combine different data sets, as will dis-
cussed more fully in the next section. Even if discrep-
ancy are not observed, the presence of new interactions
can affect the reconstruction of standard oscillation pa-
rameters. We understand, for example, that the NSI can
introduce large degeneracies into the problem. A detailed
quantitative analysis of such issues, however, is still miss-
ing.
Massive neutrinos couple to the electromagnetic field
at the quantum level, and such couplings may lead to
potentially observable effects in neutrino physics and as-
trophysics. Neutrino magnetic (transition) moments af-
fect, for example, the flavor evolution of solar neutrinos
in the solar magnetic field.literature. For many years,
the interest in this possibility was driven by the hint of
modulation of the Homestake event rate with the solar
cycle. Nowadays, with precision solar neutrino data at
hand, it is possible to ask whether such effects exist at
the subdominant levels. It is also of great interest to
understand what effect it may have on supernova neu-
trinos. The electromagnetic moments can also have an
impact on the evolution of stars, as they can increase the
rate of energy loss from stellar cores. In fact, the most
stringent known bounds on the neutrino magnetic mod-
els come from the observations and modeling of red giant
stars before helium flash.
Successful research efforts require a broad view of neu-
trino, particle physics, astrophysics and cosmology, mak-
ing the connections between specific models trying to un-
derstand fermion mass origin and flavor physics, global
fits to neutrino data and possible new implications of any
new physics.
D. Neutrino Oscillation Phenomenology –
Measuring Neutrino Properties and Looking for
New Physics
Neutrino physics has been a data-driven field for most
of its existence and phenomenology has always played a
central role in advancing our understanding. Confronting
the prevailing theoretical paradigm with data in the case
of neutrinos has often led to dramatic revisions of the
theoretical world view. What evolved into overwhelming
evidence for neutrino oscillations started out as the “so-
lar neutrino problem”, which was, at first, attributed to
everything but the underlying neutrino properties. The
belief that neutrinos were massless or that their mixing
angles were small were crushed by experimental data in
a rather dramatic fashion. In all of these cases, combined
analyses of prior data – “global fits” – guided the design
of definitive experiments, such as SNO and KamLAND.
Presently, there are numerous experiments probing
neutrino oscillations at very different energies and base-
lines, including the reactor experiments Daya Bay,
RENO, and Double-CHOOZ and the beam neutrino ex-
periments T2K, MINOS(+), and NOνA. To fully under-
stand the implications of the measurements from these
experiments, they need to be combined with one an-
other, as well as with the solar neutrino data from SNO,
SuperKamiokande, Borexino and GALLEX/SAGE, the
atmospheric neutrino data from SuperKamiokande, the
short-baseline data from LSND, Mini-BOONE, etc. The
important point is that no single experiment dominates
the determination of the entire oscillation matrix.
To further illustrate the value of global fits, consider
the situation with the so-called “short-baseline” anoma-
lies. Currently, we are confronted with a set of anoma-
lies from a rather diverse set of experiments, including
beams and reactors. Each single anomaly is at about the
3 σ confidence level and, interpreted in isolation, does not
amount to much. In combination, however, they may be
pointing to the same region of the parameter space, if one
interprets them as evidence for one or more sterile neu-
trinos. While more experimental and theoretical work is
required in order to resolve these short-baseline anoma-
lies, it is clear that combined analyses of data, performed
outside of any experimental collaboration, have provided
very valuable information.
Going forward, the need for global fits is likely to per-
sist. They are expected to play a central role in deliv-
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ering answers to the most central questions of the next
decade and likely beyond. CP-violation searches, for ex-
ample, will rely, in the foreseeable future, on interpreting
he combination of data from T2K, NOνA, LBNE, and
other experiments. Moreover, combined fit analyses will
be essential to search for deviations from the basic three-
flavor paradigm which may arise, for example, from non-
standard interactions, as mentioned earlier. Global fits
to all neutrino data will also play a fundamental role in
addressing questions like the unitarity of the neutrino
mixing matrix and testing predictions from a variety of
flavor models.
Worldwide, there is a handful of groups dedicated to
performing high-quality global fits. In the US there are
no research groups performing this very technical (among
the necessary skill are statistical analysis of very different
data sets and a detailed understanding of neutrino flavor
oscillations within and outside the standard three-flavor
paradigm), but very impactful task. With the US poised
to become the world-leader in long-baseline oscillation
experimentation, it is highly desirable to build up this
capability, to ensure we are able to extract as much in-
formation from the data as possible and to identify future
directions for neutrino oscillation research.
E. Accurate Computation and Parameterization of
Neutrino Nucleus Cross Sections
Despite the fact that the electroweak sector of the
Standard Model is extremely well understood, it is very
hard to perform precise computations of the neutrino-
nucleus interactions. The nucleons are composite states
with complex dynamics, which so far has eluded first
principles calculations, despite QCD being a full descrip-
tion of the underlying physics. To make matters worse,
neutrino detectors are not made of free nucleons but
of materials consisting of nuclei covering a large atomic
mass range from A = 12 carbon (scintillator) overA = 40
argon (TPCs) to A = 56 iron (calorimeters). Since nu-
clear structure is not well understood, especially in large
nuclei, it is presently not possible to formulate a closed
theory of neutrino-nucleus interactions. Moreover, multi-
nucleon correlations as well as final state interactions
have to be correctly included to provide reliable neutrino
cross sections.
The situation is, however, not hopeless. It is possible,
for example, to derive the correct initial state densities
by exploiting the symmetries of the electroweak theory
and using existing data from electron scattering – the re-
sults known as the spectral functions. However, to this
date there is no complete and validated implementation
of spectral functions in any publicly accessible event gen-
erator. More complicated issues, like meson exchange
currents are even lacking a consensus theory formulation
and are years away from being available in event genera-
tors.
At the same time, the next generation of neutrino
oscillation experiments aim at percent level measure-
ments of neutrino event rates and precise measurements
of the energy distribution of events. Since existing neu-
trino beams are subject to large intrinsic uncertainties,
neutrino–nucleus cross sections are only known at the the
10-30% level. Many nuclear effects have non-trivial en-
ergy dependencies and introduce large biases in neutrino
energy reconstruction and therefore, most experiments
really measure an effective cross section specific to the
beam and energy response of the detector. This is also
the reason that near detectors will not resolve all, or even
the majority of the issues. At the time of this writing
the largest contribution to the systematic error budget
of T2K comes from neutrino interactions. The situation
in the upcoming NOνA and LBNE experiments is ex-
pected to be at least as challenging.
Contributions to this effort require mastery of both
precision nuclear and particle physics calculations, and
in-depth understanding of detectors and event generator
codes. The current theory effort, in the US, dedicated to
attacking the challenges described above (and many oth-
ers) is close to non-existent and starkly different from the
large investment in experiments like NOνA and LBNE.
In absence of an adequate theory effort dedicated to the
understanding of neutrino scattering on nuclei, NOνA
and LBNE will not be able to provide the world-class
science they were designed for.
F. Supernova Neutrinos
The utility of core-collapse supernovae for particle
physics is well recognized. For example, upon perusing
the Particle Data Group summaries of various Beyond-
the-Standard-Model (BSM) searches, one encounters nu-
merous constraints on new physics scenarios derived from
supernova cooling considerations. The cooling argument,
in brief, is as follows. To account for the observed du-
ration of the neutrino pulse from the 1987A supernova,
the energy trapped in the collapsed core needs to get out
on the time scale of a few seconds. It can be easily seen
that “normal” astrophysical methods of transport, such
as photon diffusion, are too slow for this: the photon gets
stuck in the dense matter of the core because of its large
scattering cross section. Neutrinos, particles with much
smaller cross sections, take up the transport task. In-
deed, a straightforward estimate for neutrinos of 107 eV
energies suggests a diffusion time scale of a few seconds.
It is instructive that neutrinos “win” over photons by
having smaller cross sections, a situation that is highly
counterintuitive by laboratory standards. Any putative
new particle with a still smaller cross section would be
even more efficient at carrying the energy out, so long as
such a particle couples strongly enough to be produced
in the core at all. Examples of such bounds include
well-known constraints on axion-nucleon coupling, Ma-
jorons, Kaluza-Klein gravitons, unparticles, and extra-
dimensional photons.
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It should be stressed that the present constraints are
based on the 1987 supernova observations, which gave
us only two dozen neutrino events. Given this very
limited statistics, rough order-of-magnitude statements
about what new physics can be excluded are, for the most
part, sufficient. For other scenarios, rough estimates are
woefully inadequate. This is particularly true when the
new physics “only” modifies neutrino transport by order
one factors, rather than completely taking over. Further-
more, the next event should yield many more neutrinos.
This is so, firstly, because the next supernova will, much
more likely, take place in our Galaxy rather than in the
Large Magellanic Could (and an r2 enhancement factor
of ∼ 10-100 is to be reasonably expected), and secondly,
because we now have much bigger detectors than what
was available in 1987 (Kamiokande and IMB).
With such abundant data, to properly interpret the
neutrino signal, one will need to take into account neu-
trino flavor oscillations. Rather than being simply a nui-
sance, neutrino oscillations in a supernova environment
represent an extremely rich source of physical informa-
tion. The subject of supernova neutrino oscillations has
undergone dramatic progress in the last ten years and
more effects continue to be uncovered every year. For
example, these oscillations can be impacted by the de-
veloping explosion: the expanding shock front and the
turbulent region behind it change the density profile in
which neutrinos change flavor. As the character of the
transformation is changed (for example, from adiabatic
to non-adiabatic by the front shock, or to an incoher-
ent sum of states by the turbulent density fluctuations),
an imprint should be left on the neutrino signal. Thus,
properly reading the flavor-transformed signal can tell us
how the explosion develops.
The uniqueness of the supernova environment is per-
fectly illustrated by the fact that it can host neutrino
“self-induced” transformations, which are hopelessly in-
accessible in the laboratory. Also known as “collective os-
cillations”, these transformations happen when the den-
sity of streaming neutrinos is so high that their flavor
evolutions become coupled. In the last decade, the avail-
able computing power made it possible to explore this
novel many-body phenomenon and remarkable flavor-
transformation patterns were uncovered. An observa-
tional confirmation of this dynamics would be a discovery
of profound magnitude.
Taking a broader view, we must remember that su-
pernova neutrinos are of great interest to many areas of
physics. For example, in nuclear astrophysics, the funda-
mental question is the origin of heavy elements in the
universe. Core-collapse supernovae are thought to be
candidate sites for the r-process and other types of nucle-
osynthesis. The efficiency of the r-process depends on the
physical conditions in the explosion, such as the entropy
profile of the neutrino-driven wind and the energy spec-
tra of the different neutrino components (which in turn
depend on the oscillation physics). It is of great interest
whether the future neutrino signals can shine light on the
nucleosynthesis mechanism in core-collapse supernovae.
Supernovae are also of fundamental importance in as-
trophysics and cosmology, where they controll baryonic
structure formation and evolution. They do so by cre-
ating and spreading heavy elements (“metals”), seeding
star formation by shocks, blowing out gas from small
gravitational potentials, etc. For all these reasons, the
studies of the explosion mechanism have been occupying
astrophysicists for over half a century.
The focal question for neutrino theorists here is to un-
derstand how different explosion mechanisms and new
physics effects can manifest themselves in the neutrino
signal and what detector characteristics are required to
measure them. Specifically, one needs to identify what
key, “smoking-gun” signatures to look for and what de-
tector characteristics are necessary. For example, to test
for the presence of new particles or new neutrino inter-
actions, it is important to measure the neutrino energy
spectra and to track their time evolution. To observe
collective oscillations, one needs detailed flavor informa-
tion, in both neutrino and antineutrino channels. Simply
bigger detectors would thus not be enough. It is also im-
portant to have sensitivity to different neutrino flavors,
as well as good energy resolution. While it is not known
when the next galactic supernova will be observed, it
would be a travesty to be caught unprepared for this
“once-in-a-lifetime” opportunity.
To tackle these and several similar problems, a genera-
tion of theorists with broad education in particle physics,
nuclear physics, nucleosynthesis, plasma physics, turbu-
lence, transport, supercomputing, etc, is required. It is
also imperative to develop a common language between
the neutrino theorists and the experimentalists design-
ing and simulating detectors. Clearly, as a community,
we have our work cut out for us.
G. Neutrinos and Cosmology
Neutrinos are also well known to play a key role in cos-
mology, through their impact on the evolution of cosmic
perturbations and growth of structure. Early on, dur-
ing the radiation dominated epoch, the cosmic neutrino
background was an important component of the gravitat-
ing matter in the universe. They, therefore, had a direct
impact on the expansion rate before and during the cos-
mic microwave background (CMB) decoupling era. Addi-
tionally, neutrinos affected the evolution of density per-
turbations. In this role, neutrinos were quite different
from photons: the latter stayed coupled to the plasma,
while the former streamed out of the perturbations once
allowed by causality.
All of this physics has recently become experimentally
accessible, thanks to the data from the Planck satellite
and terrestrial observatories such as ACT, SPT, etc. The
Planck satellite, in particular, has presented constraints
on Neff – the number of neutrino-like relativistic species
in the early universe. The constrains are extremely rel-
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evant for models which extend the neutrino sectors to
include new states (e.g., “sterile neutrinos”). It should
be noted, however, that there are a lot of open theoretical
questions. For example, what if cosmology is less triv-
ial (i.e., goes beyond the “vanilla” 6-parameter study)?
What if the extra neutrino-like species have non-thermal
spectra? What if their abundance in the universe changes
with time? As the measurements of Neff enter a precision
stage, these are the right questions to ask. For example,
there are models of neutrino “recoupling”, in which the
number of new neutrino species appearing in CMB and
big-bang nucleosynthesis calculations are different.
Neutrinos also show up in precision cosmological ob-
servations in another way: since they have a small mass,
they should cluster on sufficiently large scales. This phe-
nomenon should result in potentially observable CMB
lensing signatures. It is expected that these signatures
could allow us to probe very small neutrino masses, possi-
bly bellow the 0.1 eV level suggested by the atmospheric
oscillation data. Again, there are numerous theoretical
questions to study in connection with this, for example,
how these measurements would be sensitive to nonstan-
dard physics in the neutrino sector.
Recently, a number of provocative ideas have been put
forth on additional possible roles neutrinos could play
in cosmology. As an illustration, if neutrinos couple to
dark matter, they could alter the formation of structure,
potentially alleviating the “missing satellite”, or “too big
to fail” problems. Neutrinos may also be messengers of
dark matter annihilation, in our galactic halo, or in the
core of the Sun.
With precision cosmological observations and oscilla-
tion experiments planned for the next 10-20 years, nu-
merous potentially interesting developments may become
possible. For example, suppose the next-generation oscil-
lation experiments confirm the existence of sterile neutri-
nos, in a way that is seemingly incompatible with cosmo-
logically inferred value for Neff . This conflict would be an
indication of nonstandard cosmology and/or new physics
in the neutrino sector and the task will be to understand
how to best disentangle this situation. It is prudent to
anticipate and prepare for such nonstandard scenarios
now, as the experiments are being planned. Work in this
field requires deep understanding of various aspects of
cosmological physics (CMB, LSS, etc), laboratory neu-
trino data, as well as particle physics broadly defined.
H. Phenomenology of Astrophysical High-Energy
and Ultra-High-Energy Neutrinos
Very high energy neutrinos are predicted to be pro-
duced by a variety of astrophysical sources and neutrino
telescopes are actively looking for them. This year, the
IceCube detector has brought the first observational indi-
cation of such astrophysical neutrinos. The collaboration
has shown evidence for two events at PeV energies, as well
as 28 events at slightly lower energy, a 4σ excess above at-
mospheric neutrino background. In the coming year, an
additional data sample will be analyzed and the detector
will continue accumulating new data. These exciting de-
velopments make theoretical study of the particle physics
and astrophysics of the very high energy neutrinos quite
urgent.
The physics and astrophysics that can be probed by
high energy neutrinos is extremely rich. The relative ef-
fects of new physics on such signals can be large: thanks
to very long propagation distances, even very small new
physics effects can potentially add up to an observable
signal. Moreover, the extremely high energies can pro-
vide access to the energy regimes that cannot be reached
in colliders or other terrestrial experiments. On the as-
trophysics front, the weak interactions allow neutrinos to
probe environments that are not otherwise accessible and
may help answer many long-standing questions about the
origin, composition and propagation of cosmic rays.
Observation of high energy neutrinos will likely have
profound implications for both physics and astrophysics.
Neutrino telescopes looking for such neutrinos already
exist or are being planned to cover even higher energy
ranges. The theoretical studies necessary to extract all
the information from the observations and understand
the signals and the various uncertainties have just be-
gun. Much work is still to be done, including better
modeling of sources, propagation and detection, consid-
ering all possible standard physics, astrophysics and new
physics possibilities, as well as new detection techniques.
Additional questions are likely to arise in the course of
these analyses. All this work will require a good under-
standing of astrophysics, modeling of strong interactions
(relevant for the production and detection of the neutri-
nos), neutrino physics and possible new physics, as well
as a good understanding of what these telescopes can ac-
tually measure and correlations between different types
of observables in neutrino, cosmic ray, astrophysical as
well as other particle physics measurements.
III. NEUTRINO THEORY IN THE US: WHERE
WE STAND AND PATHS FORWARD
While the opportunities in neutrino theory are many
and the range of topics broad and interdisciplinary, the
fraction of the US domestic theoretical physics effort ded-
icated to neutrinos is small. Currently, only very few
university groups are active in neutrino phenomenology.
Indeed, since 1998 – the year neutrino flavor change was
unambiguously discovered by Super-Kamiokande – less
than 10% of all particle theory university hires3 were on
3 This was extracted from the “Theoret-
ical Particle Physics Jobs Rumor Mill,”
http://particle.physics.ucdavis.edu/rumor/doku.php ,
and private communications with members of the theory
community.
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neutrino theory or broadly defined related areas.
At the same time, with the start of the LHC in 2010
and the shutdown of the Tevatron in 2011, the focus of
the US domestic experimental particle physics program
has shifted to the so-called Intensity Frontier. Neutrino
physics makes up a big fraction of the Intensity Frontier
research currently being discussed. In order to ensure a
vital program, the funding agencies and the community
appear committed to making very significant investments
into new experiments at the Intensity Frontier over the
next decade. As we have illustrated in this white paper,
this experimental program will require a commensurate
level of activity on the theory side to ensure that this
investment results in a corresponding return in science.
This work ranges from identifying physics goals and de-
sired detector characteristics to accurate theoretical cal-
culations of expected signals and backgrounds, without
which the experiments cannot succeed. This means that
a much stronger US presence in neutrino theory in par-
ticular and Intensity Frontier phenomenology in general
is not only scientifically well-motivated but also neces-
sary to ensure the long-term success of the US domestic
particle physics program.
The combination of a currently small neutrino theory
community and the fact that neutrino theory research
requires technical and theoretical skills – as exemplified
above – outside the standard “tool-kit” of the US particle
theory community implies that the neutrino theory com-
munity will not grow “organically” from within the cur-
rent theory community on the short time scale required
by the planned experimental program. A dedicated and
coherent effort, with (a) significant investment from the
funding agencies, (b) enthusiastic commitment and lead-
ership from the present neutrino theory community, and
(c) the support of the entire particle theory community is
absolutely necessary. To meet the proposed experimen-
tal schedules, such a qualitative increase in the neutrino
theory effort is needed now.
An informal ‘Neutrino Theory’ meeting took place on
May 20, 2013 at Fermilab in order to foster discussion
regarding the status of theoretical neutrino physics
in the US and potential initiatives to strengthen and
increase the domestic neutrino and Intensity Frontier
theoretical communities. A little under twenty theorists
attended the meeting while many other members of the
theory community provided feedback and support via
email. The issues presented in this White Paper are
partially informed by these discussions and feedback
collected during the last several months. It is antici-
pated that more discussions will follow during the next
several months. Ultimately, the goal is to converge on a
concrete “project” aimed at qualitatively strengthening
the US “neutrino theory” community in order to take
full advantage of the opportunities described here, along
with many more that are sure to present themselves.
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